Group A streptococcal (GAS) infections and autoimmunity are associated with the onset of a spectrum of neuropsychiatric disorders in children, with the prototypical disorder being Sydenham chorea (SC). Our aim was to develop an animal model that resembled the behavioral, pharmacological, and immunological abnormalities of SC and other streptococcal-related neuropsychiatric disorders. Male Lewis rats exposed to GAS antigen exhibited motor symptoms (impaired food manipulation and beam walking) and compulsive behavior (increased induced-grooming). These symptoms were alleviated by the D2 blocker haloperidol and the selective serotonin reuptake inhibitor paroxetine, respectively, drugs that are used to treat motor symptoms and compulsions in streptococcal-related neuropsychiatric disorders. Streptococcal exposure resulted in antibody deposition in the striatum, thalamus, and frontal cortex, and concomitant alterations in dopamine and glutamate levels in cortex and basal ganglia, consistent with the known pathophysiology of SC and related neuropsychiatric disorders. Autoantibodies (IgG) of GAS rats reacted with tubulin and caused elevated calcium/calmodulindependent protein kinase II signaling in SK-N-SH neuronal cells, as previously found with sera from SC and related neuropsychiatric disorders. Our new animal model translates directly to human disease and led us to discover autoantibodies targeted against dopamine D1 and D2 receptors in the rat model as well as in SC and other streptococcal-related neuropsychiatric disorders.
INTRODUCTION
Infectious and immune factors are implicated in the pathogenesis of childhood neuropsychiatric disorders (Gordon, 2009; Murphy et al, 2006a) , with the prototypical disorder being Sydenham chorea (SC). SC is induced by group A streptococcal (GAS) infection (Stollerman, 1997) and is characterized by involuntary movements and neuropsychiatric disturbances, including obsessive-compulsive symptoms and emotional lability (Marques-Dias et al, 1997; Swedo et al, 1989) . It has been suggested that similar autoimmune mechanisms triggered by a GAS infection may lead to a syndrome termed PANDAS (pediatric autoimmune disorder associated with streptococcal infections) consisting of fine choreiform movements of fingers and toes as well as obsessive-compulsive symptoms or tics (Swedo et al, 1989) . For reviews of the pros and cons of the PANDAS entity, see Swedo et al (2004) and Kurlan and Kaplan (2004) , respectively. Over time, the term PANDAS has been applied to a very heterogeneous group of subjects with tics or obsessive-compulsive disorder (OCD) without fine choreiform movements and with other types of infections. In this study, PANDAS is defined as originally identified by Swedo et al (1998) , and relates to a syndrome consisting of fine choreiform movements and obsessive-compulsive symptoms or tics that develop following exposure to GAS.
SC and PANDAS exhibit many clinical and laboratory similarities (for review, see Snider and Swedo, 2004) , including association with antibodies against GAS and basal ganglia (Bronze and Dale, 1993; Church et al, 2003; Dale et al, 2006; Husby et al, 1976; Kirvan et al, 2003 Kirvan et al, , 2006b Morshed et al, 2001; Pavone et al, 2004) ; improvement after immunomodulatory therapies (Giedd et al, 1995 (Giedd et al, , 1996 (Giedd et al, , 2000 ; inflammation within the brain, particularly striatum and frontoparietal cortex, without evidence of neuronal degeneration (Colony and Malamud, 1956; Giedd et al, 1995) ; specific enlargement of basal ganglia during the active phase, which correlated with anti-streptococcal antibody titers (Giedd et al, 1995 (Giedd et al, , 1996 (Giedd et al, , 2000 Peterson et al, 2000) ; and induction of calcium/calmodulin-dependent kinase (CaMK) II signaling and dopamine release in catecholamine secreting SK-N-SH neuronal cell line by antibodies (Kirvan et al, 2003 (Kirvan et al, , 2006b . These findings implicate an immune response against the brain in the pathogenesis of SC and PANDAS (Snider and Swedo, 2004) .
The aim of this study was to develop an animal model of streptococcal-induced behavioral changes resembling the SC/PANDAS disorder(s). We focused on four points. First, we tested whether exposure of the autoimmune-prone Lewis rat strain to GAS antigen leads to behavioral characteristics of SC/PANDAS, including impairments in fine motor control and gait, and increased activity, anxiety, and compulsivity (Gordon, 2009; Marques-Dias et al, 1997; Murphy et al, 2006b; Swedo et al, 1989 ). Second, we tested whether motor abnormalities and increased compulsivity in GAS rats would respond to the same drugs used to treat motor symptoms and compulsions in SC/PANDAS (D2 blockers and selective serotonin reuptake inhibitors (SSRIs), respectively, Demiroren et al, 2007; Shannon and Fenichel, 1990; Swedo et al, 1998; SE Swedo, unpublished observation) . Third, we tested whether sera of GAS rats will have the same immune responses as sera from SC/PANDAS patients, including reaction against GAS antigens (Bronze and Dale, 1993; Husby et al, 1976; Kirvan et al, 2003 Kirvan et al, , 2006b ) and brain tissue and tubulin (Kirvan et al, 2007) , and induction of CaMK II signaling in SK-N-SH neuronal cell line (Kirvan et al, 2003 (Kirvan et al, , 2006a . Fourth, we examined rat brains for antibody deposition (expected), gross neural damage (not expected), and changes in the dopaminergic, serotonergic, glutamatergic, and GABAergic systems, which have been implicated in the pathophysiology of motor and tic disorders and OCD (Bhattacharyya and Chakraborty, 2007; Singer and Loiselle, 2003; Singer and Minzer, 2003; Stein, 2002) . Finally, because a D2 blocker was effective in reducing motor symptoms in GAS rats and dopamine content was increased in several regions in the brain of GAS rats, we tested whether sera IgG from GAS-exposed rats and humans with SC and PANDAS were reactive with human dopamine D1 and D2 membrane receptor antigens.
MATERIALS AND METHODS

Animals
Male Lewis rats (Harlen, Jerusalem, Israel), B5 weeks old, were housed in groups of four to a cage under a reversed 12-h light-dark cycle (lights on at 1900-0700 h) with ad libitum food and water. A 22-h food restriction schedule with water freely available was initiated at age 9 weeks. All experimental protocols were carried out according to the guidelines of the institutional animal care and use committee of Tel-Aviv University.
Human Sera
Serum samples from SC and PANDAS patients and healthy controls were obtained from the National Institute of Mental Health (NIMH; Dr Swedo), the Child Study Center, Yale University (Dr Leckman), Statens Serum Institute in Copenhagen, Denmark (Dr Somnier), and the University of Oklahoma Health Sciences Center (Dr Cunningham). SC was diagnosed using criteria established by the Jones Criteria. PANDAS was diagnosed using the published NIMH criteria (Swedo et al, 1998) , and included patients displaying fine piano playing movements of the fingers and toes in addition to obsessive-compulsive symptoms (Swedo et al, 1989) . Attention deficit hyperactivity disorder was diagnosed on the basis of a structured psychiatric interview (K-SADS or DICA) and the Conners Parent and Teacher Rating Scales (Conners et al, 1998) . Controls were group matched for age (ages 5-14 years), gender (male/ female: B4 : 1), socioeconomic status, and season of the year at entry into the study. Control subjects had normal physical examinations and were selected only if there was no lifetime personal history for the subject and any first-degree relative of a DSM-IV diagnosis of a chronic tic disorder, Tourette syndrome, OCD, or Attention deficit hyperactivity disorder. The anti-streptolysin O titer range for control subjects was 70-513, and for SC and PANDAS subjects it was 40-781. All human subjects gave informed consent and studies were approved by human subjects protection committees at the University of Oklahoma Health Sciences Center, Yale University, National Institute of Mental Health, and the Statens Serum Institute.
Streptococcus pyogenes
M protein type 18 (Manfraedo) was obtained from Dr Alon Moses (Hadassah University Medical Center, Jerusalem, Israel). Streptococci were grown as previously described (Fenderson et al, 1989) . The cell pellets were stored frozen at 4 1C until used.
Mutanolysin-Extracted GAS Antigen
A whole cell digest of M type 18 S. pyogenes was prepared using a modification of a protocol described by Fenderson et al (1989) (see Supplementary Methods online).
Immunization Protocol
Rats were handled for B2 min daily for 4 days before the beginning of the immunization protocol. Immunization was performed when the rats were 5 weeks of age. Before each injection, rats were lightly anaesthetized with Isoflorene (VetMarket, Petach Tikva, Israel). Each rat in the GAS group was immunized subcutaneously with 200 ml of 1 : 1
Rat model of streptococcal-related neuropsychiatric disorders L Brimberg et al emulsion of phosphate-buffered saline (PBS) containing 1.2 mg of the GAS antigen and Complete Freund's adjuvant (CFA, Sigma-Aldrich, Rehovot, Israel) supplemented with 4 mg of heat-killed mycobacteria H37RA (Difco Laboratories, Detroit, MI) per ml similar to what was previously described for recombinant streptococcal M protein-induced valvular heart disease (Quinn et al, 2001) . Rats received in addition an intraperitoneal injection of 10 10 heat-killed Bordetella pertussis (Bioport, Lansing, MI, USA) as an additional adjuvant. Heat-killed B. pertussis was added as it has previously been shown to increase the permeability of the blood brain barrier (Linthicum et al, 1982) and, indeed, in a pilot study in which we compared IgG deposits in the brain following immunization with and without B. pertussis, we found that omitting this bacteria from the immunization protocol almost completely abolished IgG immunostaining in the brain of GAS-exposed rats. After 14 and again after 28 days, each rat was boosted with 200 ml 1 : 1 emulsion of incomplete Freund's adjuvant (IFA, Sigma-Aldrich): PBS containing 1.2 mg of the GAS antigen. Control animals were immunized with PBS and adjuvants only.
Behavioral Assessment
Behavioral assessment was done in two experiments (see Table 1 for details). Manual ratings were performed in a blinded fashion.
Food manipulation. We assessed the ability of rats to manipulate a food pellet as previously described (Ayalon et al, 2004 ; also see Supplementary Methods online).
Food manipulation under haloperidol. Each rat in the haloperidol groups was injected with 0, 0.05, 0.1, and 0.15 mg/kg haloperidol (the order of dose was randomly determined for each rat) 1 h before testing. Each rat in the vehicle groups was injected with vehicle 1 h before each of the 4 testing days.
Beam walking. Motor coordination and balance were assessed by measuring the ability of rats to traverse a wide (5 cm) and a narrow (2.5 cm) beam as previously described (Urakawa et al, 2007 ; also see Supplementary Methods online).
Activity test. Rats were individually placed in an activity box and allowed 30 min of free exploration during which their activity level was assessed, as previously described (Piontkewitz et al, 2010 ; also see Supplementary Methods online).
Grooming. The assessment of induced-grooming followed that of Greer and Capecchi (2002) (also see Supplementary Methods online).
Grooming under paroxetine. Paroxetine (9.25 mg/kg) or vehicle was administered 30 min before each of the three grooming sessions.
Elevated plus maze. The anxiety-like behavior of rats was assessed in the elevated plus maze paradigm as described previously (Hogg, 1996 ; also see Supplementary Methods online).
Drugs
Haloperidol (VetMarket) and paroxetine (Unipharm, Ramat-Gan, Israel) were prepared as previously described (Brimberg et al, 2007; Joel and Doljansky, 2003) , and injected i.p. 60 and 30 min, respectively, before behavioral assessment. No-drug controls received an equivalent volume of the corresponding vehicle (saline and double distilled water, respectively).
Immunological Assessment
Immunological assessment was done on animals from the two cohorts of behavioral experiments (see Table 1 for details).
For reagents, ELISAs, and western blots, see Supplementary Methods online.
CaMK II assay. We assessed CaMK II activity as previously described (Kirvan et al, 2003 ; also see Supplementary Methods online). IgG inhibition was performed by adding either anti-rat IgG agarose beads (Sigma, St Louis, MO) or control bovine serum albumin-agarose beads (Sigma) to experimental (GAS) sera (see Supplementary Methods online).
Neuroanatomical and Biochemical Assessment
Neuroanatomical and biochemical assessment was done on animals from the two cohorts of behavioral experiments (see Table 1 for details).
Neuroanatomical Assessment.
Preparation of tissue sections: Brains were obtained and prepared as previously described (Klavir et al, 2009 ; see also Supplementary Methods online).
Immunostaining for IgG deposits: To assess IgG deposits in the brain, 14 mm sections were incubated in biotinylated secondary anti-rat IgG (see Supplementary Methods online).
Histology: To assess cellular infiltrations and possible neuronal loss, 40 mm sections were stained with Thionin blue. All slides were coded for blinded analysis. Sections of 14 and 40 mm were taken alternately from the same animals for the detection of IgG deposits and histology, respectively. b These rats were not administered haloperidol.
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Biochemical Assessment. We assessed the levels of the monoamines dopamine (as well as its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), and dopamine turnover) and serotonin (5-hydroxytryptamine (5-HT) and its metabolite, 5-hydroxy indole acetic acid (5-HIAA)) as well as glutamate and GABA (g-amino butyric acid) in tissue samples from the caudateputamen, nucleus accumbens, globus pallidus, entopeduncular nucleus, substantia nigra, ventral tegmental area, medial frontal cortex, orbitofrontal cortex, the dorsomedial nucleus of the thalamus, and the subthalamic nucleus as previously described (Klavir et al, 2009 ; see also Supplementary Methods online).
Statistical Analysis
We used two-sample Student's t-tests to compare means of two independent groups. When more groups were compared, we used analysis of variance (ANOVA; the specific factors for each analysis are given in the Results section) together with planned comparisons between GAS and control rats to reveal the effect of immunization (the specific comparisons are detailed in the Results section). In procedures where a drug was administered, we additionally compared the effects between drug-and vehicle-treated rats within each immunization condition. Human samples were statistically analyzed using the Mann-Whitney test. We considered values as significant when Po0.05. When multiple comparisons were done, the Keppel multiple comparisons correction was used. All data are presented as means±SEM.
RESULTS
Motor and Behavioral Abnormalities Following Streptococcal Exposure
Figure 1 presents food manipulation scores (Figure 1a ), time to traverse a beam (Figure 1b) , time spent grooming in the induced-grooming assay (Figure 1c) , and activity scores in automated activity chambers (Figure 1d ) of GAS-exposed rats and adjuvant control rats. As can be seen, GAS rats were impaired in manipulating food ( Figure 1a, Planned comparisons between control and GAS groups within each beam width demonstrated that GAS rats were impaired only on the 2.5 cm beam (P ¼ 0.02); there were no differences between the groups in the number of foot slips (data not shown, all P-values 40.4). GAS rats spent more time grooming on the third day of testing in the induced-grooming assay ( Figure 1c ; Immunization Â Session mixed ANOVA:
Planned comparisons between GAS and control groups within each session revealed a significant effect on the third block only (Po0.05). Importantly, GASexposed rats did not have any gross indications of skin lesions, nor did they show loss of hair, which could indicate an increase in spontaneous grooming. GAS rats tended to be (a) Food manipulation was impaired in GAS-exposed rats. The mean and SE of food manipulation score of GAS rats (n ¼ 19) and control rats (n ¼ 16). (b) Beam walking was impaired in GASexposed rats on the narrow beam only. The mean and SE of the time spent on the wide and narrow beams of GAS rats (n ¼ 9) and control rats (n ¼ 10).
(c) Induced-grooming was enhanced by GAS exposure. The mean and SE of the duration of induced-grooming on three sessions of GAS (n ¼ 8) and control (n ¼ 8) rats. (d) Activity tended to increase following GAS exposure. The mean and SE of activity counts, in 5 min blocks, of GAS (n ¼ 20) and control (n ¼ 17) rats during a 30-min activity session. *Significantly different from the control group, Po0.05. Figure 2a ) and time spent grooming in the induced-grooming assay following administration of 9.25 mg/kg paroxetine (Figure 2b ) of GAS and control rats. As can be seen, haloperidol dose-dependently restored the ability of GAS rats to manipulate food, except for the highest dose of this drug, which tended to impair performance in GAS and control rats (Figure 2a ; Immunization Â Drug Â Dose mixed ANOVA: Immunization, F(1, 23) ¼ 12.6, Po0.005, Drug, F(1, 23) ¼ 0.6, P ¼ 0.8, Dose, F(3, 69) ¼ 0.13, P ¼ 0.9, Immunization Â Drug interaction, F(1, 23) ¼ 2.6, P ¼ 0.12, Immunization Â Dose interaction, F(3, 69) ¼ 3.48, Po0.05, Drug Â Dose interaction, F(3, 69) ¼ 1.3, P ¼ 0.275, Immunization Â Drug Â Dose interaction, F(3, 69) ¼ 0.41, P ¼ 0.74). Planned comparisons between control and GAS groups within the vehicle condition and between GAS rats treated with haloperidol and control rats treated with 0 mg/kg haloperidol confirmed that GAS rats were impaired in manipulating food, and that 0.05 and 0.1 mg/kg haloperidol reversed this impairment (all P-values o0.05). Administration of the SSRI paroxetine decreased induced-grooming in GAS rats without affecting inducedgrooming in control rats (Figure 2b ; Immunization Â Drug Â Session mixed ANOVA: Immunization, F(1, 28)
Planned comparisons revealed that the GASvehicle group was significantly different from the controlvehicle and GAS-paroxetine groups, all P-values o0.05.
GAS Rat Sera Reacted with Streptococcal and Brain Antigens
As expected, IgG antibodies in GAS rat sera were significantly (all P-values o0.0001) elevated against the GAS cell wall antigen, the immunogen, as well as against peptidoglycan-polysaccharide (PG-PS) and N-acetyl-b-Dglucosamine (GlcNAc), the dominant epitope of GAS carbohydrate (see Supplementary Material, Figure S1 ). As shown in humans with SC (Kirvan et al, 2007) , GAS rat sera IgG reacted with brain-derived tubulin (see Supplementary Material, Figure S2 ).
Antibody-Mediated Neuronal Cell Signaling Was Elevated in GAS Rat Sera and Signaling Activity Was Depleted by Anti-IgG Sera of GAS rats activated CaMK II signaling in a catecholamine-secreting neuronal cell line (SK-N-SH) to a level approximately three times higher than sera from control rats (Figure 3a ; t(16) ¼ 3.66, Po0.005). In GAS rats, CaMK II activation was reduced by 60% after a single absorption of serum IgG by anti-IgG beads, whereas bovine serum albumin (BSA) beads did not significantly remove CaMK II activity from the sera (Figure 3b ). These data demonstrate that CaMK II activation was through an Figure 2 Effect of (a) haloperidol on food manipulation and (b) paroxetine on grooming. GAS-treated rats were impaired in manipulating food and haloperidol ameliorated this impairment, whereas paroxetine normalized the duration of induced-grooming. (a) Following a habituation session and a baseline session, rats underwent four additional food manipulation sessions separated by 3 wash-out days. Each rat in the haloperidol groups was injected with 0, 0.05, 0.1, or 0.15 mg/kg 1 h before testing. Each rat in the vehicle groups was injected with vehicle 1 h before testing on each of the 4 testing days. The figure presents the mean and SE of food manipulation scores of GAS (n ¼ 7) and control (n ¼ 8) rats treated with haloperidol, and of GAS (n ¼ 6) and control (n ¼ 6) rats treated with vehicle across all sessions. (b) The mean and SE of the duration of grooming during the three grooming sessions of GAS and control rats treated with 9.25 mg/kg paroxetine or vehicle 30 min before each session (n per group: control-vehicle ¼ 8, GAS-vehicle ¼ 8, controlparoxetine ¼ 6, GAS-paroxetine ¼ 10; note that the vehicle groups are the same as those appearing in Figure 1c ). *Significantly different from the controlvehicle group, Po0.05;
#
Significantly different from GAS-drug group, Po0.005.
Rat model of streptococcal-related neuropsychiatric disorders L Brimberg et al
antibody IgG-mediated signaling mechanism as previously reported in SC and PANDAS (Kirvan et al, 2007) .
IgG Deposited in Striatum, Thalamus, and Frontal Cortex in GAS Rats
Intense IgG deposition was observed in the striatum, thalamus, and frontal cortex of GAS-exposed rats, but not in their hippocampus and cerebellum, whereas little or no IgG staining was seen in the brains of control rats (Figure 4a -e). In GAS rats, anti-IgG immunolabeling within the striatum, thalamus, and frontal cortex appeared to label neuronal cells more intensely (Figure 4a -e). Thionin blue staining did not reveal evidence of gross neuronal damage (Figure 4a -e). All secondary antibody controls were negative for all tissues from the GAS-exposed and the control rats (data not shown).
Streptococcal Exposure Increased Levels of Dopamine and Decreased Levels of Glutamate in the Brains of Immunized Rats
HPLC analysis of the brains of GAS and control rats revealed increased dopamine (P ¼ 0.0049) and decreased glutamate (P ¼ 0.0012) in the medial frontal cortex of GAS rats (see Table 2 for significant results and Supplementary Material, Table S1 for the full analysis). Dopamine was also increased in the entopeduncular nucleus (P ¼ 0.0058; the rat analog of the primate internal segment of the globus pallidus) of GAS rats. In addition, the dopamine metabolite HVA tended to be lower in the medial frontal cortex (P ¼ 0.0147), entopeduncular nucleus (P ¼ 0.0187), and orbitofrontal cortex (P ¼ 0.0233) of GAS rats compared with controls. Dopamine turnover was not significantly affected by GAS exposure (see Supplementary Material, Table S1 ).
GAS Rat Sera IgG Targeted Human Dopamine D1 and D2 Receptor Membrane Antigens
Because dopamine D2 receptor blockers are used to treat chorea in SC and motor symptoms in PANDAS, and CaMK II signaling may lead to dopamine release, we investigated rat sera for IgG reactive with the human dopamine D1 and D2 receptor membrane antigens obtained from D1R and D2R stably transfected cells. Sera from GAS rats reacted significantly more with human D1 and D2 dopamine receptor membrane antigens compared with control rats (ELISA: D1, control rat sera (n ¼ 10) mean titer ¼ 328.0 (SE ¼ 42.1), GAS rat sera (n ¼ 11) mean titer: 640.0 (SE ¼ 105.7), t(19) ¼ 2.6, Po0.05; D2, control rat sera (n ¼ 16) mean titer ¼ 960.0 (SE ¼ 82.6), GAS rat sera (n ¼ 18) mean titer: 1280.0 (SE ¼ 126.7), t(32) ¼ 2.0, Po0.05). Reactivity of the GAS rat sera with the D1 and D2 dopamine receptor antigen was confirmed in the western immunoblot (Figure 3c and d) . Anti-streptococcal rat sera (IgG) reacted with human dopamine receptors D1 and D2 (protein bands at 50/51 kD) that were identified in Figure 3 (a, b) IgG in GAS rat sera induced increased CaMK II activity in neuronal cells. CaMK II activation presented as percent of CaMK II activity above basal rate in (a) sera taken from GAS rats (n ¼ 8) and from control rats (n ¼ 10), (b) pooled rat serum (n ¼ 3) from GAS rats before absorption, following absorption with anti rat-IgG agarose beads and following absorption with BSA-agarose (also shown CaMK II activity with pooled control serum, n ¼ 3). *Significantly different from the control group, Po0.005; # Planned comparisons showed that GAS rat sera after the IgG absorption treatment were significantly different from pre-absorption GAS sera, Po0.005. (c, d) Dopamine D1 and D2 receptor membrane antigens were targeted by serum IgG antibodies in GAS-exposed rats. Sera IgG reacting with (c) dopamine D1 receptor and (d) dopamine D2 membrane receptor antigen (Perkin Elmer). Anti-D1/D2 dopamine receptor sera obtained commercially confirmed the dopamine receptor location on the blot as shown at the 50/51 kD molecular weight.
Rat model of streptococcal-related neuropsychiatric disorders L Brimberg et al the blot as the correct size of 50 kD with rabbit anti-D1 and 48 and 51 kD anti-D2 dopamine receptor sera. No reactivity was observed in the western blot for control rat sera.
To compare the rat model with human disease, reactivity of human serum samples obtained from children who were acutely ill with SC or PANDAS is shown in Figure 5 . Sera Figure 4 IgG deposition in brains of GAS-exposed rats. Thionin blue stained cell structures in transversal tissue sections taken through the striatum (a1, 4), cortex (b1, 4), thalamus (c1, 4), hippocampus (d1), and cerebellum (e1) of a GAS-exposed rat at a magnification of Â 2.5 (1) and Â 63 (4). IgG deposits in brain sections taken at the same level as (1) from a GAS (2, 5) and a control rat (3, 6) at a magnification of Â 2.5 (2, 3) and of Â 63 (5, 6). Tissue sections were incubated in biotinylated-anti-rat IgG and then incubated with avidin using Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA). Anti-IgG binding to brain sections was detected using diaminobenzidine for visualization of antibody deposition. Arrowheads illustrate the margins of regions of interest. Arrows mark staining of neuronal cells. 
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IgG from SC reacted significantly more with the dopamine D2 receptor membrane antigen compared with healthy controls (Po0.01), whereas the PANDAS sera reacted significantly more than the controls with both the D1 (P ¼ 0.001) and D2 (P ¼ 0.02) receptor membrane antigens (Figure 5a and c). In addition, the level of anti-D2 and anti-D1 membrane antigen IgG was lower in convalescence than during active acute symptoms in the three patients for whom we had sera from these two time points (Figure 5b and d). Human sera IgG from PANDAS sera reacted with a 50-kD band in both the D1R/D2R membrane preparations comparable to the anti-D1R/D2R rabbit sera control (see inset of the blot in the graph showing the ELISA results of the different groups).
DISCUSSION
There have been previous attempts to develop an animal model of streptococcal-related neuropsychiatric disorders. The first line of studies infused the serum of patients into the striatum of rats. Although early studies reported that this manipulation led to the emergence of stereotypic behaviors (Hallett et al, 2000; Taylor et al, 2002) , later studies have failed to replicate this effect (Loiselle et al, 2004; Singer et al, 2005) . A different approach was taken by Hoffman et al (2004) . Female mice were immunized and boosted with a GAS (type M6) antigen in Freund's adjuvant. A subset of these mice developed motoric and behavioral disturbances that were correlated with immunoreactivity to the deep cerebellar nuclei (Hoffman et al, 2004) . In a subsequent study, passive transfer of antistreptococcal sera from immunized mice to naive mice (concomitant with lipopolysaccharides (LPS) to break the blood brain barrier) resulted in antibody deposition in the hippocampus and in the development of motoric and behavioral disturbances similar to those seen in immunized mice (Yaddanapudi et al, 2009 ). Both studies (Hoffman et al, 2004; Yaddanapudi et al, 2009 ) support a role for antibodies in the induction of behavioral alterations. Although the mouse model was successful in showing behavioral changes in streptococcal-immunized mice and was related to passively transferred antibody, it did not investigate specific neural and immune characteristics reported previously in SC and PANDAS (Husby et al, 1976; Kirvan et al, 2003 Kirvan et al, , 2006a ). Our new model demonstrated that exposure of male Lewis rats to GAS antigens leads to a syndrome that resembles behavioral, pharmacological, immunological, and neural characteristics of SC and PANDAS (as originally identified by Swedo et al, 1998) . Behaviorally, streptococcalexposed rats were impaired in manipulating food and in traversing a narrow, but not a wide, beam. The finding that GAS-exposed rats were not impaired in traversing the wide beam suggests that they did not have reduced motivation to reach the home cage, nor some other nonspecific impairment that resulted in general slowness. These conclusions are further supported by our observation that there were no differences between GAS-exposed and control rats in the acquisition of lever pressing for a food reward (Brimberg Figure 5 Anti-dopamine D1 and D2 receptor membrane antigen antibodies in SC and PANDAS. (a, c) Antibodies (IgG) in sera from SC (n ¼ 8) and PANDAS (n ¼ 27), but not attention deficit hyperactivity disorder (ADHD, n ¼ 5) or healthy controls (n ¼ 19), were significantly elevated against dopamine D1 (a) and D2 (c) receptor membrane antigens. Inset of a western blot in the graphs in (a) and (c) confirm IgG reactivity of PANDAS sera with purified human D1 and D2 dopamine receptor membrane antigen (50/51 kD) but not IgG in sera from healthy controls as shown as negative in the western blot. PANDAS sera used in the western blots had elevated antibody titers against D1/D2 membrane receptors (X8000) in the ELISA, whereas healthy controls had lower titers of antibody for D1 (500) or for D2 (2000) receptors. (b, d) Antibodies (IgG) in sera from three PANDAS patients were elevated against dopamine D1 (b) and D2 (d) receptor membrane antigens during active symptoms and were decreased during convalescence.
Rat model of streptococcal-related neuropsychiatric disorders L Brimberg et al and Joel, unpublished observation) . Taken together, the pattern of results obtained suggests that streptococcal immunization resulted in specific motor impairments in fine motor control and gait, as previously reported in SC and PANDAS (Gordon, 2009) , without affecting motivation and gross motor control. Streptococcal-exposed rats also showed increased grooming in the induced-grooming assay, with no signs of skin lesions or hair loss, which could indicate an increase in spontaneous grooming. These findings suggest that the increase in induced-grooming in GAS-exposed rats represents a form of compulsive responding, consistent with reports of obsessive and compulsive symptoms in SC and PANDAS (Gordon, 2009; Murphy et al, 2006a, b; Swedo et al, 1989) . The relevance of impaired food manipulation and increased induced-grooming in GAS-exposed rats to SC and PANDAS was supported by demonstrating that these symptoms were alleviated by administration of haloperidol and paroxetine, respectively, which are used to treat motor and compulsive symptoms in SC and PANDAS (Demiroren et al, 2007; Shannon and Fenichel, 1990) . (Paroxetine was administered in the present experiment for 3 days, whereas in OCD patients SSRIs are effective only after several weeks of repeated administration. However, several authors have pointed to some difficulties with the notion of delayed drug effects in psychiatric disorders, and there is an ongoing debate regarding the implications of demonstrating beneficial effects after acute drug administration to the validity of animal models (for review and references, see Albelda and Joel, 2012) . Although this issue is relevant for animal models of many psychiatric disorders (in which response to pharmacological treatment is evident only after several weeks of treatment), whether emphasis is placed on the treatment regimen greatly depends on the psychopathology that is being modeled. Among animal models of OCD, some models used chronic (3-5 weeks of daily injections) or subchronic (3 injections over 24 h) regimen of drug administration to establish predictive validity, whereas others have mainly used acute administration (for a recent review, see Albelda and Joel, 2012) . In view of the above, we think that the present finding that subchronic administration of paroxetine decreased induced-grooming in GAS-exposed rats strengthens the validity of our model.)
Immunologically, exposure to GAS led to induction of antibrain and anti-tubulin antibodies, as well as antibodies that activated CaMK II signaling, as has previously been found for IgG in sera obtained from SC and PANDAS (Kirvan et al, 2007; Kirvan et al, 2003 Kirvan et al, , 2006a . Moreover, our study demonstrated the role of antibodies in neuronal cell signaling, as removal of IgG diminished neuronal cell signaling of GAS rat sera. Finally, antibodies (IgG) deposited in the striatum, thalamus, and frontal cortex of streptococcal-exposed rats, in line with evidence implicating the striatum in the pathogenesis of SC and PANDAS, and the striatum and frontal cortex in the pathophysiology of OCD. Thus, anti-striatal antibodies have been reported in serum and cerebrospinal fluid of SC (Bronze and Dale, 1993; Church et al, 2002; Husby et al, 1976) , PANDAS (Gause et al, 2009; Pavone et al, 2004) , and adult OCD patients (Bhattacharyya et al, 2009 ). In addition, functional imaging studies found hypermetabolism in the striatum of SC patients (Dilenge et al, 1999; Weindl et al, 1993) and in the striatum and frontal cortex of OCD patients (Huyser et al, 2009) , which normalized after successful treatment (Dilenge et al, 1999; Huyser et al, 2009; Weindl et al, 1993) , and imaging studies in PANDAS patients reported that the basal ganglia were enlarged (Giedd et al, 2000) and size correlated with anti-neural antibody titers (Giedd et al, 2000; Peterson et al, 2000) .
Our results further support a causal relationship between exposure to GAS and the development of anti-brain antibodies and behavioral disorders, as previously demonstrated by Hoffman et al (2004) . The difference in the targets of autoantibodies between the study of Hoffman et al (2004) and the present study may be because of differences in the animal species (mice vs rats) or sex (female vs male) used, in the specific GAS strain and antigen (M6 vs M18) used for immunization, or in the means used to disrupt the blood brain barrier (no substance other than Freund's adjuvants vs the addition of B. pertussis).
Our study is the first to show the relevance of streptococcal-induced behavioral disorders in rats to the human condition by demonstrating a similar pharmacological profile and a similar immunological response phenotype. In addition to translation of behavioral and immunological effects of exposure to GAS in our rat model to humans, our study revealed that exposure to GAS resulted in alteration in the functioning of the glutamatergic and dopaminergic systems. Specifically, compared with control rats, streptococcal-exposed rats exhibited lower glutamate content in the medial frontal cortex and an increase in dopamine in this region and in the entopeduncular nucleus. In the case of glutamate, the finding is of special interest as there are reports of reduced anterior cingulate glutamate concentration in pediatric OCD (Rosenberg et al, 2004) . In addition, recent studies have shown that glutamatergic agonists can ameliorate symptoms in OCD (Kushner et al, 2007) , and it has been suggested that glutamatergic agents can be useful in treating Tourette's syndrome . As the effects of glutamatergic agents have not been tested in the present study, we cannot determine whether the alterations in the glutamatergic system played a causal role in the induction of symptoms in the model.
However, in the case of dopamine, several lines of evidence suggest a causal role for dopaminergic alterations in the induction of symptoms in the model. Specifically, changes in dopaminergic function in the medial frontal cortex have previously been shown to correlate with impaired forelimb movement and beam walking and with excessive grooming (Homberg et al, 2002; Urakawa et al, 2007) . Increased dopaminergic function has been implicated in the pathophysiology of chorea (for review, see Gordon, 2009) , and a decrease in plasma levels of catecholamine metabolites has been found in SC patients (Umene et al, 2007) , which correlates with the present finding of a decrease in the level of one of the dopamine metabolites (HVA). Taken together, these findings suggest that alterations in central dopamine pathways may play a role in the induction of behavioral abnormalities in the model. Partial support for this hypothesis can be found in our demonstration that motor abnormalities were ameliorated by the D2 antagonist haloperidol.
Our study is the first to suggest the presence of autoantibodies in the sera of streptococcal-exposed rats and the sera of SC and PANDAS patients that react with dopamine D1 and D2 receptors. Studies are underway to determine the signaling capacity of these autoantibodies and the nature of the antibody binding site. It is also notable that we report only a small sample of well-characterized acuteonset human sera from individuals who were symptomatic with SC, or acute-onset PANDAS with characteristic small choreiform movements. These data do not reflect all of the large heterogeneous group of individuals termed PANDAS, where there are likely to be groups of patients who are less related to chorea and do not have symptoms that would associate with the autoantibody reactivity against dopamine D1 or D2 membrane receptor antigens. Indeed, subjects in a non-PANDAS group with OCD and tics have previously been shown to lack the autoantibodies seen in acute PANDAS subjects with small choreiform movements following GAS infections (Kirvan et al, 2006b) .
In summary, our study links exposure to streptococcal antigen with central dopamine pathways and subsequently movement and behavior. Several pieces of evidence support our conclusion: (1) exposure to GAS antigen led to movement and behavioral changes; (2) dopamine was elevated in specific brain regions; (3) the dopamine D2 receptor antagonist haloperidol abrogated abnormal movements; and (4) elevated anti-dopamine D1 and antidopamine D2 receptor membrane antigen autoantibodies in GAS sera as well as SC and PANDAS correlated with the presence of active symptoms. The importance of our study is in the development of a model that has face validity for human symptoms, demonstrates alterations in predicted neurotransmitters in expected brain regions, and correlates with responses to pharmacotherapeutic interventions. Future research utilizing this model should provide greater understanding of how exposure to streptococcal infections or potentially other infectious agents affect the brain.
